Crystal growth phenomena of liquid phase epitaxy of magnetic garnets are discussed with respect to optical isolator applications. The growth of single mode multi-layer planar waveguides and buried channel wave guides is described. 2. The choice of the melt composition, which can readily be changed from run to run, allows the realization of a large variety of layer compositions. By an appropriate choice of the substrate the misfit ~a : as -af can be minimized. Thus series with increasing amount of substitutes can be grown to study the physical properties of the layers.
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3. Because the substrate is dipped into a large melt volume and because of the small amount of material needed for the thin LPE film the supersaturation is practically constant for one dipping process (d~c/c < 0.01).
4. Oscillatory rotation of the substrate in the isothermal melt leads to a laterally uniform [5] steady-state convectional material transport to the solid-liquid interface after a short transient period [6] . Consequently, lateral and vertical homogeneity of the layer composition is obtained. The solid-liquid interface supersaturation ~ci can be adjusted within certain limits by a proper choice of the rotation rate.
APPLICATION OF GARNET LPE
The now well-established know-how of garnet LPE has been applied to tailor device properties. For example, for magneto-optical switching [7] , layers conSisting of bismuth, gallium and aluminum substituted gadolinium iron garnet were grown in large numbers with a fixed compensation point of the three magnetic sublattices within ± 1 K. An example with still some puzzling observations is the growth of substituted yttrium iron garnet (YIG) layers for microwave applications. YIG layers with either gallium or lanthanum substitution had sharp ferrimagnetic resonance (FMR) lines whilst simultaneous substitution of both lanthanum and gallium in YIG layers having a thickness larger than 10 ~ showed a strong broadening of the FMR linewidth. The latter must be caused by undetected growth induced inhomogeneities which could not be eliminated by annealing [8] . Another example for the application of garnet LPE is the growth of layers for the use in advanced optical fiber communication systems operating in the wavelength range of 1.3 to 1.6 ~. Here, one predominant example is the optical isolator. Thick layers (d > 300 ~) of bismuth substituted rareearth iron garnets having a high Faraday rotation (9F> 1000 0 cm-1 ) have been grown [9] . The problem herewith is growth inhomogeneity due to large growth rates and long growth times. Compared to discs cut from bulk garnet crystals [10] , a drawback of the films is the increased temperature dependence of the Faraday rotation due to the high bismuth substitution_ Therefore, other compositions have been studied [11] .
In analogy to YIG single crystal spheres used as an imaging isolator device by Sugie and Saruwatari [12] , we have milled spheres from wafers with thick layers of bismuth, gallium and aluminum substituted gadolinium iron garnet. Due to the high growth induced magnetic anisotropy along the growth direction it was possible to tune mechanically the effective rotation of the plane of polarization by turning the sphere out of the position for maximum rotation [13] . Fig. 1 shows a photograph of such a sphere with a diameter of 0.75 mm. The substrate has a thickness of 0.5 mm.
GROWTH OF MULTI-LAYERS
FOr optical wave guide applications, epitaxial magnetic iron garnet layers with a thickness of 1 to 5 ~ have been studied [14 -18] . Such films are multi-mode waveguides because of the large refractive index difference of about 0.28 between YIG and the gadolinium gallium garnet (GGG) substrate. However, for system applications, e.g. for optical wave guide isolators, single mode waveguides are required, the thickness of which is matched to single mode fibers, that is 3 to 10 ~. Single mode YIG wave guides have been realized by means of suitable cladding layers, the refractive index of which is about 3'10-3 lower than that of the light guiding core layer. This can be achieved by growing an intermediate layer in a separate dipping process as reported in refs. [19, 20, 21] . We have demonstrat~d the growth of single mode symmetrical multi-layers, as shown in Fig. 2 , in but one dipping process by changing the solidliquid interface supersaturation ~ci via the rotation rate 00 [22] . The procedure is described in the following example:
At first cobalt substituted YIG is grown as an absorbing layer L4 on GGG in a separate LPE process with melt No. 1 of table 1. Using melt No. 2 with a supercooling ~T = Ts -Tg (Tg: growth temperature) of 53 K the first cladding L3 is grown with 00 = 30 min-1 • 00 is increased to 160 min-1 for the growth of the core layer L2 and then decreased again to 30 min-1 for the growth of the second cladding layer Ll. The supersaturation ~ci changes with 00. Therefore, also the growth rate f [6, 23] and the incorporation of lead from the solvent [24] and the refractive index of the layers are changed. A lead depth profile of this multi-layer measured by secondary mass spectrometry (SIMS) is shown in Fig. 3 . For calibration of the SIMS intensity by electron probe microanalysis (EPMA) [25] , the top layer LO is etched off by hot phosphoric acid at 130°C. LO grows at rather uncontrolled conditions, when the wafer is withdrawn from the melt. The growth conditions are chosen in such a way, that the lattice constant of the cladding layers is somewhat smaller and that of the core layer somewhat larger than as' The rotation rate is changed abruptly. The relaxation time for the hydrodynamic boundary layer is short compared to the diffusion layer relaxation time at the rotating interface. It takes about 3 seconds before the new steadystate conditions are established. That means the composition changes from L3 to L2 and from L2 to Ll within less than 50 nm. Since the refractive index of YIG is increased by lead [22] , a corresponding rather sharp refractive index step of about 3.10-3 between core and cladding layers is produced. The core has a thickness of 3.7 ~, so a single mode waveguide is obtained. Additional modes which might be guided by the triple layer are suppressed by the absorbing cobalt substituted YIG layer with Co = 0.09 per formula unit.
Single mode operation is confirmed experimentally. Phase matching in such a wave guide is achieved by application of a combination of a small misfit (~a~/a = (as -a~)/a = -2.10-4 ) and externally applied stress [26] .
Substitution of lead at a higher level seems to increase optical absorption (a), which we found to vary between 2 cm-1 and values larger than 20 cm-1 without clear relation to either growth conditions or composition. Furthermore, lead incorporation decreases Faraday rotation (SF) [27] . In order to get more flexibility in the choice of the refractive index step, the Faraday rotation and the magnetization, simultaneous substitution of bismuth (and the unavoidable lead from the solvent) and gallium or aluminum were investigated [22, 28] . With this combined substitutions in YIG index steps larger than 1.10-2 can be achieved just by changing the rotation rate, or, vice versa, for a certain ~ (e.g. ~n = 3.10-3 ) less rigorous changes of rotation rates or lower values of the supercooling are required. Faraday rotation SF up to -1300 degree cm-1 at a wavelength of A = 1.3 ~ is possible. We observed low values of optical absorption (a = 0.2 cm-1 at A = 1.3 ~).
The advantages of profiling the refractive index by the rotation rate are obvious: irregularities and contaminations on the surface and the transient region [6] between core and cladding are avoided and high accuracy in the growth conditions of these layers is achieved.
GROWTH OF BURIED CHANNEL WAVEGUIDES
Fbr applications, the structure of the garnet waveguide must be matched to that of single mode fibers also in the lateral direction to provide end-butt coupling. Rib wave guides have been made from magneto-optic garnet layers by Okamura et al. {29] using etching processes.
The manufacture procedure for buried magneto-optic garnet channel wave guides with a core shaped in a symmetrical parallel trapezium as shown in fig. 4 [30] is described in the following example: First bismuth and gallium substituted YIG double layers are grown on GGG substrates in one dipping process as described above from melt No. 3 of table 1 using a supercooling ~T of 37 K. The first cladding layer L3 is grown with w = 60 min-1 to a thickness of about 5 ~ whilst the core layer is grown with w = 90 min-1 to a thickness of about 4 ~. Thus the refractive index of the core is about 3.10-3 higher than that of the cladding just as in single mode fibers. These double layers are structured using a photolithographic process. The mask material is plasma deposited silicon oxide which is etched with a buffered HF solution. The mask pattern consists of a set of stripes with different widths. The direction of the stripes is along <112>. Thus the stripes lie in the only mirror plane perpendicular to (111). The mask material has a high resistivity against phosphoric acid at 100°C, in which the garnet layers were etched with an etch rate of about 0.2 ~ min-1 • According to the dissolution form of YIG single crystal spheres in H3P04 [31] and the influence of partial covering [32] , the sidewalls of the etched patterns consist of plane faces. The lower part has an angle of about 15°, the upper part has an angle of about 60° with respect to the surface of the wafer as schematically shown in fig. 4a . There is nearly no difference in the etch rate between core and cladding layers. An appropriate etching time is used so that the steep edges extend into the first cladding layer. Thus a core shaped in a symmetrical parallel trapezium with 60° angles is obtained in layer L2. To bury the waveguide core a second cladding layer L1 is grown upon the structured surface using the same conditions as for the first cladding layer L3. The vertical and lateral anisotropy of the growth rate correspond to the observations with YIG spheres with the dominance of (110) and (211) and (321) facets [33] . The lowest sidewalls have an angle of about 60°, the upper sidewalls have about 25°, the top part is parallel to the surface of the wafer. Finally, for this sample the Co-YIG layer LO is grown on top of the second cladding layer Ll. [34] after etching.
b)
we assume a diffusion coefficient of about 1.10-6 crn 2 s-l and a kinematic viscosity of about 1.10-2 cm 2 s-l in the LPE melt. Fig. 4b shows an optical micrograph of a polished cross section where a 20 ~ mask stripe is used during etching. This cross section is also etched with phosphoric acid. The etch rate of the GGG substrate and the Co-YIG layer (LO) is much lower than that of the cladding (Ll and L3) and core (L2) layers resulting in depth differences of several micrometer. As the microscope is focussed to the lower level (Ll, L2 and L3), the higher levels (GGG and LO) appear blurred at this magnification. We use reflection-type Nomarski differential interference contrast (Inko) [34] , which is very sensitive to the surface topography. The contrast within the photographs and the position of the lines are dependent on the particular Inko setting. The broad dark stripe between LO and Ll stems from their different height levels. The transient region [6] at the beginning of the growth of Ll is indicated by a dark line. The sidewa11s of the etched stripe are indicated at the left hand side by bright lines and at the right hand side by dark lines. The main part of the core is shown with a dark contrast. The region of Ll grown upon the sidewalls of the etched stripe shows features indicating a slightly disturbed growth. The features below the sidewalls in L2 and in L3 indicate that these regions are somewhat strained and the etch rat:e is even selective to these differences.
Guidance of light in such buried symmetrical magneto-optic garnet channel waveguides is confirmed experimentally using end-fire coupling. While the broader stripes are multi-mode waveguides, the channel etched with a 10 ~ mask stripe is a single mode waveguide as shown in Fig. 5 . CONCLUSION LPE has proven to be a suitable method for the realization of magneto-optic garnet layers. Layers with a thickness of more than 300 ~ can be grown. Multi-layers for single mode wave guides can be grown in one run just by changing the rotation rate. Buried garnet channel waveguides with a core shaped in a symmetrical parallel trapezium can be grown on etched double layers. Phase matching can be achieved by application of stress.
